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construed  as  an  official  Department  of  the 
Army  position,  unless  so  designated  by 
other  authorized  documents. 


SUMMARY 


The  purpose  of  the  work  supported  by  this  grant  was  to  investi- 
gate criteria  for  prevention  of  fatigue  damage  in  metal  matrix  composite 
laminates.  The  approach  to  this  problem  was  based  on  an  earlier  observa- 
tion that  in  as-fabricated  unidirectional  composites  with  elastic-brittle 
fibers  and  soft  elastic-plastic  matrices  fatigue  failure  can  be  prevented 
if  the  composite  shakes  down  during  cyclic  loading.  Accordingly,  the  ob- 
jective of  the  research  was  to  develop  a theoretical  background  in  plas- 
ticity of  composite  laminates  which  could  be  used  to  evaluate  shakedown 
conditions  for  laminated  structures. 

The  first  part  of  the  research  work  was  concerned  with  completion 
of  a plasticity  theory  for  axisymmetric  deformation  of  unidirectional  com- 
posites under  mechanical  and  thermal  loads.  A modified  self-consistent 
scheme  and  other  models  was  used  to  evaluate  the  elastic-plastic  response 
of  the  composite.  The  results  were  applied  to  heat-treatment  problems  and 
to  evaluation  of  residual  microstresses  in  heat-treated  materials. 

The  second  part  of  the  research  work  was  directed  at  the  develop- 
ment of  a plasticity  theory  for  fibrous  laminates.  The  objective  was  to 
construct  a phenomenological  constitutive  relation  suitable  for  use  in 
numerical  solutions  of  geometrically  complex  problems  in  laminated  struc- 
tures. Attempts  to  find  such  a relation  were  made  with  several  micro- 
structural  models  of  a composite  lamina.  Two  different  models  were  finally 
selected,  one  of  them  was  used  in  a finite-element  program.  Certain  problems 
involving  localized  yielding  at  holes  in  laminated  plates  were  solved. 

The  essential  conclusion  derived  from  this  work  is  that  the  fiber 
reinforcement  strengthens  the  metal  matrix  considerably  against  ultimate 
failure,  but  it  does  not  expand  significantly  the  elastic  deformation  range 
of  the  matrix  in  the  overall  stress  space.  Therefore,  the  advantage  derived 
from  fiber  reinforcement  of  metal  matrices  can  be  utilized  only  in  the 
elastic-plastic  deformation  range  of  the  composite.  This  opens  the  possi- 
bility of  repeated  cyclic  plastic  straining  of  the  matrix  in  dynamic  loading 
situations,  and  the  prospect  of  low-cycle  fatigue  failure  if  the  loading 
range  is  not  limited  by  the  requirement  that  the  matrix  must  shake  down  and 
thus  resume  an  elastic  deformation  mode. 


1.  AXISYMMETRIC  PLASTIC  DEFORMATION 
OF  UNIDIRECTIONAL  COMPOSITES 


The  results  of  this  part  of  the  research  effort  have  been  re- 
ported in  References  (1)  to  (4).  An  analytical  procedure  was  developed 
for  evaluation  of  local  microstresses  and  of  the  overall  elastic-plastic 
response  of  a composite  cylinder  consisting  of  a circular  elastic  fiber 
surrounded  by  a thick  layer  of  an  elastic-plastic  matrix.  Axisymmetric 
mechanical  and  uniform  thermal  loads  were  considered.  This  procedure 
leads  to  a numerical  scheme  which  makes  it  possible  to  solve  the  composite 
cylinder  problem  without  the  use  of  the  finite  element  method.  An  applica- 
tion of  the  procedure  to  evaluation  of  residual  microstresses  in  heat- 
treated  composites  was  made  in  Reference  (2).  A satisfactory  agreement 
between  the  calculated  results  and  available  experimental  results  was 


obtained . 


References  (3)  and  (4)  describe  an  extension  of  results  obtained 


for  the  composite  cyclinder  model  to  macroscopic  behavior  of  unidirectional 
composites.  This  was  accomplished  with  a modified  self-consistent  model, 
in  which  the  composite  cylinder  was  regarded  as  a modified  fiber  inclusion 
containing  a part  of  the  elastic-plastic  matrix.  This  modification  was 
made  to  account  for  the  nonuniform  local  plastic  deformation  in  the  matrix 
adjacent  to  the  fiber,  which  would  be  neglected  in  the  usual  self-consistent 
approximation. 

The  results  of  the  self-consistent  calculations  were  summarized 
in  Reference  (4).  It  was  shown  that  the  incremental  elastic-plastic 
formulation  of  the  axisymmetric  problem  is  quite  analogous  to  the  well- 
known  elastic  case,  indeed,  it  was  possible  to  derive  an  elastic-plastic 
analog  to  the  connections  between  axisymmetric  elastic  moduli  and  thermal 
coefficients  of  a unidirectional  composite.  As  a consequence,  many 
closed- form  results  were  obtained,  and  certain  solutions  of  incremental 
loading  problems  were  constructed  without  recourse  to  a numerical  calcula- 
tion. The  treatment  of  the  axisymmetric  problem  included  the  application 
of  thermal  loading,  and  the  effect  of  temperature  dependence  of  the  matrix 
yield  stress.  N.  
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The  results  obtained  from  the  self-consistent  calculations  per- 
mitted to  make  a comparison  between  the  standard  self-consistent  model, 
the  modified  self-consistent  model,  and  the  composite  cylinder  model 
described  in  References  (1)  and  (2).  It  was  concluded  that  in  axisym- 
metric  problems  with  mechanical  loading  one  can  obtain  similar  overall 
response  with  all  these  models,  and  that  the  self-consistent  model  may 
be  preferable  in  such  problems  because  of  its  simplicity.  In  problems 
involving  thermal  loading,  and  also  where  microstresses  are  of  interest, 
one  should  prefer  the  composite  cylinder  model  and  avoid  the  self-consis- 
tent model  because  it  gives  rather  misleading  results.  The  modified 
self-consistent  model  and  the  composite  cylinder  model  perform  well  under 
all  circumstances,  with  minor  differences  in  results.  Since  the  composite 
cylinder  model  is  simpler  to  use,  it  may  be  preferable  in  calculations. 


2.  GENERAL  ELASTIC-PLASTIC  DEFORMATION 
OF  UNIDIRECTIONAL  COMPOSITES 


In  addition  to  the  axisymmetric  results  described  in  Section  1, 
Reference  (4)  reports  results  of  exploratory  calculations  in  which  the 
unmodified  self-consistent  model  was  used  to  evaluate  initial  yield  con- 
ditions of  the  unidirectional  composite  under  general  non-symmetric  load- 
ing. The  results  were  quite  disappointing,  for  certain  loading  directions, 
e.g.  for  pure  longitudinal  shear,  one  obtained  overall  initial  yield 
stresses  which  exceeded  in  magnitude  the  upper  bound  on  the  limit  load 
for  a unidirectional  lamina.  These  results  clearly  disqualified  the  self- 
consistent  model  from  consideration  in  development  of  a general  elastic- 
plastic  theory.  The  shortcomings  of  the  self-consistent  scheme  follow 
from  the  fact  that  the  strain  fields  in  the  inclusions  are  uniform,  and 
thus  the  model  cannot  account  for  localized  nonuniform  deformation  which 
dominates  the  plastic  response  of  fibrous  composites.  The  modified  model 
rectifies  these  deficiencies  in  principle,  but  simple  nonsymmetric  solu- 
tions for  the  composite  cylinder  are  not  available,  and  that  makes  the  use 
of  the  modified  scheme  impractical. 

In  fact,  an  examination  of  the  utility  of  material  models  that 
have  been  used  with  considerable  success  in  formulations  of  elastic  and 
linear  viscoelastic  constitutive  relations  for  fiber  reinforced  materials 
reveals  that  these  models  cannot  be  used  in  plasticity,  and  that  it  is 
necessary  to  use  rather  simple  material  models  which  represent  only  the 
essential  aspects  of  the  elastic-plastic  behavior. 

This  is  discussed  in  Reference  ( 5 ) , which  also  presents  a simple 
model  for  an  elastic-plastic  lamina.  It  consists  of  a matrix  unidirectionally 
reinforced  with  continuous  elastic  fibers.  Each  of  the  fibers  is  assumed 
to  be  of  very  small  diameter,  so  that  although  the  fibers  occupy  a finite 
volume  fraction  of  the  composite,  they  do  not  interfere  with  matrix  defor- 
mation in  the  transverse  plane.  The  matrix  is  an  elastic-plastic  solid, 
with  known  hardening  and  flow  rules,  which  can  be  quite  general.  Similar 
models  have  been  used  by  other  authors  in  descriptions  of  nonlinear  visco- 
elastic behavior  of  fibrous  composites. 


(4) 


3.  ELASTIC-PLASTIC  BEHAVIOR  OF 
COMPOSITE  LAMINATES 

The  hardening  and  flow  rules  developed  with  the  model  of  elastic- 
plastic  lamina  discussed  in  Section  2 was  applied  to  plastic  deformation 
problems  in  laminated  plates.'  One  part  of  these  results  has  been  described 

in  ( 5 ) , other  parts  will  be  reported  in  the  near  future . 

\ 

Reference  (5)  describes  the  comparison  of  calculated  results  with 
experiments.  A group  of  experimental  results  was  obtained  for  a laminated 
B-Al  plate  specimens  tested  in  uniaxial  tension.  A number  of  different 
layups  was  tested,  stress-strain  curves  and  ratios  of  axial  to  transverse 
strains  were  measured  in  simple  tension  tests.  In  the  calculations  it  was 
possible  to  derive  matrix  properties  from  one  set  of  tests  and  then  simulate 
the  experimental  results  obtained  for  other  sets  of  tests.  These  derived 
matrix  properties  were  different  from  those  measured  on  the  bulk  matrix. 

The  numerical  calculations  were  found  to  be  in  good  agreement  with  experi- 
mental results. 

The  elastic-plastic  constitutive  equations  have  been  used  in  a 
finite  element  computer  program,  which  was  developed  from  an  existing 
program,  ELAS65,  created  under  earlier  Army  grants.  The  program  can  solve 
any  three-dimensional  problem  for  a laminated  medium,  each  unidirectional 
lamina  must  be  represented  by  at  least  one  layer  of  elements. 

The  problems  solved  so  far  with  this  program  include  a more  exact 
simulation  of  the  experiments  mentioned  earlier,  in  which  a finite  element 
model  of  the  actual  specimen  geometry  has  been  employed.  This  calculation 
gave  better  agreement  with  experimental  results. 

Another  problem  solved  with  the  program  pertains  to  the  develop- 
ment of  plastic  flow  in  a laminated  (0-90)  B-Al  plate  with  a round  hole, 
loaded  by  simple  tension.  The  results  of  this  study  indicate  that  the 
laminated  plate  starts  to  yield  at  about  the  same  stress  level  as  a similar 
aluminum  plate  without  reinforcement.  Plastic  flow  spreads  quite  rapidly 
as  the  load  increases,  particularly  in  the  90  degree  layer.  The  failure 
strength  of  the  reinforced  plate  is  much  higher  than  that  of  an  unreinforced 
one,  but  this  strength  advantage  can  be  utilized  only  in  the  plastic  defor- 
mation range  of  the  laminate.  Similar  results  are  expected  for  other 
laminate  layups. 


The  conclusion  which  appears  to  emerge  from  these  initial  results 
is  that  the  fiber  reinforcement  does  not  strengthen  the  matrix  against 
yielding,  it  does  strengthen  it  only  against  failure.  As  a consequence,  the 
useful  loading  range  of  a composite  laminate  coincides  with  the  plastic 
flow  range.  This  is  an  unusual  feature  of  laminate  behavior  which  does  not 
seem  to  be  present  in  other  structural  materials.  One  obvious  consequence 
is  the  existence  of  permanent  deformations  in  laminated  parts.  Other  conse- 
quences may  include  the  possibility  of  cyclic  plastic  straining  in  the 
matrix  which  may  lead  to  low  cycle  fatigue  failure  of  the  material.  In 
any  event,  it  is  clear  that  further  studies  of  elastic-plastic  behavior  of 
metal  matrix  laminates  are  necessary  for  further  understanding  of  the 
mechanical  behavior  of  these  materials. 
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